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A NOVEL EYE TRACKING PARADIGM FOR DETECTING SEMANTIC 
AND PHONOLOGICAL ACTIVATION IN APHASIA 
RACHAEL E. CAMPBELL 
ABSTRACT 
 Many persons with aphasia (PWA), who have trouble communicating after 
a stroke, have difficulty naming objects, frequently producing speech errors. 
Picture (confrontation) naming tasks are commonly used to assess the presence 
and/or severity of naming difficulties, but these tests do not adequately capture 
the underlying cause of impairment. This project addresses the limitations of the 
standard picture naming paradigm by incorporating the measurement of eye 
movements, thereby providing a precise estimate of participants’ visual attention 
during the task. While prior studies have measured eye movements to distractor 
pictures when a spoken word is presented, to our knowledge no eye tracking 
studies have examined picture naming with written distractors in aphasia. Using 
a novel approach, we measured PWA’s and healthy controls’ eye movements as 
they selected the correct written word corresponding to the picture over other 
related words (semantically and sound-based distractors). The results of this 
project seek to: (1) indicate the feasibility of a novel eye tracking paradigm to study 
both intact and impaired lexical retrieval; (2) provide detailed information about 
 
 
 vii 
the nature and time course of impaired naming; and (3) yield insight into the 
relative preservation of semantic and phonological representations in aphasia. 
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 1 
INTRODUCTION 
 Aphasia is a multi-modality disorder affecting a variety of language 
functions, such as auditory comprehension, spoken production, and writing 
(Rosenbek, LaPointe, & Wertz, 1989). Between 25-40% of new stroke survivors 
acquire aphasia each year, although aphasia may also result from brain injury, 
infection, or neurodegenerative disorders (Flowers et al., 2016; National Aphasia 
Association). According to the National Aphasia Association, approximately two 
million people in the US today live with aphasia, and about 180,000 Americans 
acquire aphasia each year (Flowers et al., 2016; National Aphasia Association). 
While aphasia has obvious adverse effects on communication, it has also been 
associated with increased utilization of hospital and rehabilitation services and 
greater long-term disability, placing a significant burden on the healthcare system 
(Flowers et al., 2016). For many individuals, anomia, or impaired naming, is a 
pervasive feature and may remain a lasting deficit in the chronic stage of aphasia 
after more severe disruptions to language processing have resolved (Benson & 
Geschwind, 1985; Gordon, 1997; Hillis, 2007).  
Difficulties with naming in aphasia are understandable considering the 
exceptionally rapid and complex processing involved in naming a picture within 
healthy individuals. Typical adult speakers are able to retrieve two to three words 
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per second in normal speech, retrieving each from a lexicon including tens of 
thousands of different words, making errors as rarely as one out of every 1000 
words (Levelt, Roelofs, & Meyer, 1999). Many diverse models have been proposed 
to explain the mechanisms underlying spoken word production (for early 
influential accounts, see Caramazza, 1997; Dell & O'Seaghdha, 1992; Levelt et al., 
1999; Rapp & Goldrick, 2000; Roelofs, 1992). 
Theoretical accounts vary by the extent to which the particular component 
processes interact to enable word selection and production (Rapp & Goldrick, 
2000). For example, highly discrete accounts propose that activation of the target 
word spreads sequentially to related information at other distinct stages of 
processing, each of which results in its own characteristic representation that is 
then further shaped by the next stage (Levelt et al., 1999; Rapp & Goldrick, 2000). 
Following spreading activation of semantic information related to the intended 
concept (e.g., CAT), a particular lexical form is selected from a network of 
semantically related competing alternatives (e.g., DOG, HOG, RAT) (Collins & 
Loftus, 1975). Next, the speaker retrieves the corresponding abstract syntactic and 
morphologic information for the chosen form (its lemma), generates a 
phonological code for the chosen lemma, and performs various output processes 
to produce the target word (see Levelt et al., 1999). 
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In contrast, highly interactive models posit that lexical access is the result 
of simultaneous spreading activation between multiple levels of representation. 
Such accounts would agree that word selection begins with activation of the 
semantic features of the target word (e.g., CAT), and the lexical nodes sharing the 
same active semantic features (e.g., DOG, RAT) (Rapp & Goldrick, 2000; Collins & 
Loftus, 1975). Activation from those semantically related lexical nodes then 
spreads to their component phonemes (e.g., /d/ and /r/ from DOG and RAT, 
respectively). Unlike more discrete models, however, interactive accounts of 
lexical access involve ongoing bidirectional feedback between the semantic and 
phonemic units throughout the word selection process, until finally a single 
pattern of activation in the lexical processing system surpasses its competitors. In 
this way, both semantic and phonological information is integrated to narrow the 
set of target word candidates, and the phonemes corresponding to the most highly 
activated lexical unit are selected for production (Dell & O'Seaghdha, 1992; Rapp 
& Goldrick, 2000). 
In general, most recent theories of single word production generally agree 
that it proceeds in two stages: an initial abstract stage in which the target concept 
is mapped onto a nonverbal semantic-syntactic unit, and a secondary phonological 
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access stage in which the abstract 
conceptual unit is mapped onto its 
corresponding phonological form 
(Rapp & Goldrick, 2000; Wilshire, 
2008; see Figure 1). In each stage, a 
particular form is selected when 
its activation surpasses that of a 
number of competing alternatives 
that are activated in parallel 
(Huettig, Rommers, & Meyer, 2011; Rapp & Goldrick, 2000). 
Although such models intend to explain successful word retrieval in 
healthy language users, they serve as a useful starting point for analyzing the 
linguistic breakdown responsible for impaired naming, also known as anomia. 
Despite their differences, two-stage models of single word processing generally 
agree that picture naming involves first recognizing the visual stimulus, accessing 
the semantic representation of the image, retrieving the phonological form that 
corresponds to it, and finally generating a motor plan to articulate the word 
corresponding to the picture (Gordon, 1997; Hillis, 2007). Impaired single word 
retrieval may therefore result from disruption to any one of several points along 
Figure 1. Simplified two-stage model of lexical 
retrieval common to most current models of 
spoken single word production, from Wilshire 
(2008). 
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the process (Hillis, 2007). Cognitive neuropsychological models of language 
processing further specify the potential loci of impairment in aphasia, identifying 
several different paths to failed naming based on the relative strength of various 
multi-modal routes into and out of the semantic system (Ellis & Young, 1989; 
Wilshire, 2008).  
The notion that disruption can occur at varied points in the naming system 
is supported by the diversity of error patterns that occur within the broad 
diagnostic category of aphasia. For example, some PWA produce mainly 
phonological errors (containing some but not all of the target word’s sounds) but 
few semantic errors, while other PWA demonstrate the opposite pattern. 
However, many PWA also produce “mixed” errors that are both phonologically 
and semantically related to the target (Wilshire, 2008), which can result in either a 
real word (e.g., a so-called “formal error” such as “cherries” for “strawberries”), 
or a nonword response such as /daɪˈnɒsərəs/ for “dinosaur” (Roach, Schwartz, 
Martin, Grewal, & Brecher, 1996).  
Further, across error profiles many PWA demonstrate inconsistent 
accuracy over repeated trials due to the dynamic nature of error-based learning 
and lexical retrieval (Oppenheim, Dell, & Schwartz, 2010). Picture naming tasks 
therefore may quantify the word retrieval deficit in aphasia and elicit informative 
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speech errors at a single point in time. However, they fail to wholly explain the 
source of the breakdown when an error occurs. For example, one PWA might have 
difficulty selecting one lexical candidate over its many related competitors, while 
a different individual may fail to activate the target completely, or do so only after 
an extensive delay. Additional research techniques beyond behavioral picture 
naming tasks can therefore provide valuable information regarding the 
mechanism of naming failure in varied individuals with aphasia. 
Beyond accuracy and error analyses, reaction times can also provide insight 
into the time course of the mental processes involved in picture naming (Levelt et 
al., 1999), as well as variation across aphasia profiles. For example, a significant 
body of research has shown reliable differences in semantic priming between 
individuals with Broca’s and Wernicke’s aphasia during a lexical decision task. 
Individuals with Broca’s aphasia generally have left frontal lesions including the 
inferior frontal gyrus, while individuals with Wernicke’s aphasia typically have 
left posterior lesions including the posterior portion of the superior temporal 
gyrus and often extending into inferior parietal cortex (Damasio, 2008). While both 
groups generally show semantic priming effects, in Broca’s aphasia the effects 
appear in a limited number of experimental paradigms compared to controls, e.g., 
they are absent when the acoustic stimulus is modified or presented at varied 
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interstimulus intervals (Milberg, Blumstein, & Dworetzky, 1988; Misiurski, 
Blumstein, Rissman, & Berman, 2005; Prather, Zurif, Stern, & Rosen, 1992; Utman, 
Blumstein, & Sullivan, 2001). In contrast, individuals with Wernicke’s aphasia 
seem to demonstrate priming in more contexts than would be expected for 
neurologically typical adults, for example, showing an equal magnitude of 
priming when a real word prime is replaced by a phonologically similar nonword 
(e.g., gat-dog primed Wernicke’s participants as much as cat-dog) (Milberg et al., 
1988). 
Various competing hypotheses have been proposed to account for the 
differences between the two groups and the potential functional role of the 
temporal and frontal lobes in word recognition. According to the degree of activation 
account, impaired naming in Broca’s aphasia is thought to result from overall 
decreased activation in the lexicon, while naming deficits in Wernicke’s aphasia 
are posited to result from overall increased activation (Blumstein & Milberg, 2000; 
Janse, 2006; McNellis & Blumstein, 2001; Milberg, Blumstein, & Dworetzky, 1987; 
Milberg et al., 1988; Misiurski et al., 2005; Utman et al., 2001).  
In contrast, according to the temporal course of lexical activation account, 
individuals with Broca’s aphasia experience a delay in lexical activation leading to 
slower than normal rise time, while a failure to inhibit lexical competitors in 
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Wernicke’s aphasia leads to delayed lexical deactivation of the lexical-semantic 
network (Prather, Zurif, Love, & Brownell, 1997; Prather et al., 1992; Swinney, 
Zurif, & Nicol, 1989; Swinney, Prather, & Love, 2000). Therefore, the degree of 
timing of lexical activation may differ in Broca’s and Wernicke’s aphasia and thus 
may provide further insight into what goes wrong when the lexical access process 
breaks down. 
Beyond their use in lexical decision tasks, reaction times may also be 
gathered via eye tracking to enhance our understanding of the time course of 
lexical processing. By tracking the duration of eye movements to visual stimuli in 
response to spoken instruction, researchers are able to objectively measure the 
listener’s current focus of attention with fine-grained temporal resolution. 
Moreover, eye tracking allows researchers to detect the resolution of temporary 
ambiguity in real time (Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 1995; 
Trueswell, Sekerina, Hill, & Logrip, 1999), making it highly relevant for studies of 
lexical access. The widely used visual world paradigm (VWP) relies on exactly this 
logic, recording listeners’ eye movements to different objects in a “visual world” 
as they simultaneously hear directions for manipulating the objects in a particular 
fashion (Novick et al., 2009; Yee & Sedivy, 2006). This method provides valuable 
insight into the integration of linguistic information with information in the visual 
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environment (Huettig et al., 2011). 
For instance, several eye tracking studies have demonstrated that objects 
whose names share the same syllable onset as the spoken target word are looked 
to preferentially compared to objects with phonologically unrelated names 
(Allopenna, Magnuson, & Tanenhaus, 1998; Dahan, Magnuson, & Tanenhaus, 
2001; Dahan, Magnuson, Tanenhaus, & Hogan, 2001; Tanenhaus et al., 1995). More 
recent work has demonstrated that listeners show the same pattern of preferential 
looks to objects that are semantically related to the target (Huettig & Altmann, 
2005). 
Interestingly, a spoken word recognition VWP study by Yee and Sedivy 
(2006) found that neurologically intact adults not only showed semantic 
relatedness effects, but in a separate experiment also fixated on images that were 
semantically related to an onset distractor of the target even when the onset 
distractor itself was not included in the visual display (for example, fixating on 
"key" when hearing "logs" because of semantic activation of the not-pictured onset-
competitor "lock"). Together these findings suggest that both semantic and 
phonological information related to a target word are activated early in lexical 
retrieval. 
Eye gaze measures can also provide a useful alternative to probing the 
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underlying mechanisms of speech and language difficulties because they reduce 
the communicative demands placed on the participant (Arunachalam, 2013); the 
listener need only look to a relevant part of the display to show an effect (Huettig 
et al., 2011). Given that individuals with anomia by definition exhibit difficulty 
naming objects, eye tracking is therefore an appropriate means of examining the 
underlying source of their word-finding difficulties. Additionally, the use of eye 
tracking in anomia yields temporally sensitive real time insight into the process of 
impaired naming as it occurs, in contrast to the “look-back” information gathered 
from the perspective of the tester that is offered by standardized testing results 
(Arunachalam, 2013, pp. 3328). 
Yee and colleagues (Yee, Blumstein, & Sedivy, 2008) have since expanded 
their original paradigm (Yee & Sedivy, 2006) to explore the effect of lexical 
competition on spoken word recognition in in eight participants with Broca’s (5) 
or Wernicke’s (3) aphasia. In two separate experiments, participants with aphasia 
(PWA) adequately learned the task and went on to select and fixate on the correct 
(target) picture with consistently high (>90%) accuracy. Based on the degree of 
activation and the temporal course of lexical activation accounts of lexical access in 
aphasia, Yee and colleagues predicted that individuals with Broca’s aphasia would 
show reduced semantic relatedness effects due to increased lexical competition. 
 
 
 11 
They also expected individuals with Wernicke’s aphasia to fixate on related 
distractors for longer than neurologically intact participants. 
Although results of the eye tracking study revealed differences in 
performance between individuals with Broca’s and Wernicke’s aphasia, there 
seem to be underlying similarities in their lexical access. The Broca’s group 
showed a significant semantic relatedness effect (like young and age-matched 
controls, fixating preferentially to semantically related rather than unrelated 
objects), and showed a significantly reduced onset relatedness effect compared to 
the Wernicke’s group (although age-matched controls did as well). However, the 
authors note that the small sample size of the Broca’s group (n=5) may have 
underpowered their ability to detect a significant onset effect. 
Meanwhile, although the semantic relatedness effect in the Wernicke’s 
group (n=3) was not significant, they did fixate more on images of semantically 
related objects than unrelated objects, and the size of their semantic relatedness 
effect did not differ significantly from that of the other three participant groups 
(whose effects were significant). Additionally, both aphasic groups began fixating 
on the target over the distractors at a later time than neurologically intact 
participants, and also demonstrated longer trial durations. Together these findings 
suggest that despite both groups’ impaired lexical processing, they demonstrated 
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relatively intact access to semantic and phonological information related to the 
target. 
Yee et al.’s (2008) results are highly informative for understanding the time 
course of spoken word recognition in aphasia, and for demonstrating the 
feasibility of eye tracking in this population. However, their results are not 
necessarily directly applicable to our primary research question regarding 
impaired picture naming in aphasia. Additionally, Yee et al. (2008) assessed each 
relatedness effect in a separate experiment, precluding investigation of potential 
conflict resolution between semantic and phonological foils of the target word. 
Prior research has shown the feasibility of presenting two related distractors in a 
single VWP trial in healthy controls (Huettig & Altmann, 2005) and more recent 
work has replicated this (Smith, Monaghan, & Huettig, 2017). To our knowledge, 
Yee et al. (2008) is also the only study to have examined cohort competitor effects 
in individuals with aphasia, as prior lexical decision work primarily focused on 
rhyme activation (e.g., Milberg et al., 1988; Misiurski et al., 2005; Utman et al., 
2001). Thus, further research exploring these experimental variables may yield 
valuable information regarding lexical access in aphasia not previously reported 
in the literature. 
We therefore designed a novel experimental task to more precisely target 
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the mechanisms underlying impaired naming rather than impaired word 
recognition. To capitalize on the temporal resolution offered by eye tracking, we 
therefore developed an entirely visual adaptation of the visual world paradigm to 
better mimic a silent naming picture task. Since it is well known that written words 
coactivate their corresponding phonological forms early in visual word 
recognition (Huettig et al., 2011; Leinenger, 2014), written words were used as the 
response method by which participants silently selected the name of the picture 
presented. Such a design aligns with a standard picture naming assessment 
protocol: on the BNT (Kaplan et al.,2001), incorrect naming trials are followed by 
a written word recognition multiple choice question, in which the PWA is shown 
the same stimulus picture and asked to point to the correct written word name 
from a field of four. 
Research in alphabetic languages as diverse as Spanish (Weber, Melinger, 
Lara Tapia, Trouvain, & Barry, 2007) and Dutch (McQueen & Viebahn, 2007) has 
shown that a printed word version of the visual world paradigm can be used 
effectively in neurologically intact adults (Huettig et al., 2011). That is, participants 
preferentially fixated to printed words that were phonologically (McQueen & 
Viebahn, 2007; Salverda & Tanenhaus, 2010; Weber et al., 2007) or semantically 
(Primativo, Reilly, & Crutch, 2016) related to the spoken target. The presence of 
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phonological relatedness effects in printed-word visual world paradigms has also 
been replicated in studies of second language learning (Mishra & Singh, 2014; 
Mitsugi, 2016; Veivo, Järvikivi, Porretta, & Hyönä, 2016). 
This consistent pattern of results indicates that, at least in neurologically 
intact young adults, (a) orthographic information becomes active from the earliest 
stages of spoken word recognition, and (b) therefore, like other visual 
representations (e.g., a picture), it can be used immediately to map spoken words 
onto printed referents (Salverda & Tanenhaus, 2010). However, to the best of our 
knowledge this successful paradigm has not yet been utilized to examine lexical 
retrieval in aphasia.  
To address gaps in the literature on word retrieval failure in anomia, the 
present study investigated the use of a novel eye tracking paradigm designed to 
more closely mimic picture naming tasks used in aphasia assessment. We 
examined the nature of impaired lexical access in aphasia by comparing PWA and 
controls’ proportions of looks to various written words during a multiple-choice, 
word recognition/picture naming task. By comparing the proportion of looks to 
the target word and to each of two related distractors, we sought to quantify the 
activation of semantic and phonological information during picture naming. 
In addition to analyzing proportions of eye movements to various written 
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response options, we also analyzed participants’ response accuracy. Accuracy was 
defined as whether the participant clicked on the corresponding written word 
presented on screen in response to a picture of the target item. While a correct click 
response would reflect relatively preserved access to both semantic and 
phonological information related to that target, an incorrect click response would 
indicate impaired access to the target form and its semantic and phonological 
components.  
 The primary research question in this project was: Will a novel, multi-
faceted experimental paradigm combining eye tracking methodology with a 
multiple-choice, word recognition/picture naming task be sensitive to the rapid 
time course of lexical activation and conflict resolution in both neurologically 
intact adults and individuals with aphasia? 
It was hypothesized that both healthy controls and individuals with 
aphasia would demonstrate above chance performance on that task, and that 
both groups would look preferentially to written words that were semantically 
or phonologically related to a target picture. Due to the findings of Yee et al. 
(2008), it was also expected that the task would reveal qualitative and 
quantitative differences in eye gaze movements between the two participant 
groups. For instance, it was believed that individuals with aphasia would 
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exhibit increased eye gaze movements to distractors compared to controls as a 
result of difficulty selecting and/or activating the correct lexical form. Further, 
it was believed that performance on the novel eye tracking task would be 
subject to an overall effect of aphasia severity, such that patients with more 
severe aphasia would be slower to look preferentially at the target word than 
individuals with less severe aphasia. 
 
METHODS 
Subjects 
9 PWA with chronic aphasia, ages 35-77 (M = 61.68), and 10 neurologically 
intact age-matched participants participated in the study from which data were 
drawn. For additional demographic data, please refer to Table 1. Participants were 
recruited via a database maintained by the BU Aphasia Research Laboratory 
comprised of PWA interested in research, as well as word-of-mouth and the 
distribution of fliers and announcements at local aphasia events. Participants were 
all English-speaking adults (18 years and older) with normal/near normal or 
corrected-to-normal vision and hearing. All PWA and 9/10 healthy controls were 
monolingual; one healthy control was a bilingual English-Brazilian Portuguese 
speaker. All PWA were tested at least 6-months post-stroke. Inclusion criteria 
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included diagnosis of aphasia and an absence of hemispatial neglect per screening 
with the Symbol Cancellation subtest from the Cognitive Linguistic Quick Test+ 
(Helm-Estabrooks, 2017). Exclusion criteria included insufficient stamina to 
participate in preliminary assessment and frank apraxia, as well as an inability to 
read at the single word level. As we aimed to assess the efficacy of a novel 
experimental paradigm for detecting differences between PWA and controls, we 
recruited a fairly homogenous sample of individuals with aphasia to counteract 
potential confounds of intergroup variability.  
Eight of ten healthy adult participants completed the Raven’s Coloured 
Progressive Matrices (RCPM) from the Western Aphasia Battery-Revised (WAB-
R; Kertesz, 2006) to provide a measure of their nonverbal abstract reasoning skills, 
including the ability to select the correct response from a field of 6 visually similar 
options (Kertesz, 2006). Participants with aphasia completed a battery of 
standardized language assessments. A measure of PWA’s naming performance 
was gathered using the Boston Naming Test (BNT; Kaplan, Goodglass, & 
Weintraub, 2001). Standardized measures used to assess semantic processing 
included the Pyramids and Palm Trees Test (PPT; Howard & Patterson, 1992) and 
the Spoken-Word Picture Matching (47) and Written-Word Picture Matching (48) 
subtests of the Psycholinguistic Assessment of Language Processing in Aphasia 
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(PALPA; Kay, Lesser, & Coltheart, 1992). The Nonword Repetition (8) subtest of the 
PALPA was used to assess phonological processing (Kay et al., 1992). Lastly, Part 
I of the WAB-R (Kertesz, 2006) was used to obtain the Aphasia Classification and 
Aphasia Quotient (AQ), a measure of overall aphasia severity. 
 
 
 
 
 
 
 
 
 
 
Procedure 
Stimuli. Target images for the eye tracking task consisted of 20 black and 
white line drawings of single syllable words selected from the PNT (Roach et al., 
1996), a well normed assessment of naming impairment. For each trial, the target 
noun image appeared once on the computer screen and was paired with one of 
Table 1 
Demographic Information for PWA 
ID Sex Age at 
Testing 
Years Post 
Onset 
BNT 
Score 
WAB-
R AQ 
WAB Aphasia 
Classification 
BUMA20 M 52 8 54 93.5 anomic 
BUMA69 M 74 6 49 92.9 anomic 
BUMA79 F 55 7 59 96.6* anomic* 
BUMA106 M 75 6 1 31.1 Broca’s 
BUMA197 M 53 39 51 91.2 anomic 
BUMA199 F 35 3 57 91.0 anomic 
BUMA204 M 60 0.5 34 84.5 anomic 
BUMA207 F 77 1 40 90.5 anomic 
BUMA08 F 69 12 8 73.7 Broca’s 
WAB = Western Aphasia Battery – Revised (Kertesz, 2006); AQ = Aphasia 
Quotient; A WAB-AQ of 0-25 is considered very severe; an AQ of 26-50 is 
severe, an AQ of 51-75 is moderate, and an AQ of 76+ is considered mild. 
*technically above the aphasia cut-off score of 93.8 from the standardization 
sample; this participant nevertheless demonstrated frequent hesitations and 
circumlocutions.  
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each of the following four written word types: (a) target words (n=20) - This group 
consisted of the correct written names for each line drawing presented from the 
PNT (Roach et al., 1996); (b) semantic distractors (SDs, n=20) - Each word in this 
group was matched to one of the target words, as either a member of the same 
semantic category or a closely related semantic associate of the target, for example, 
“sheep” for the target “goat” (identified via entries in at least two of (Miller, 
Beckwith, Fellbaum, Gross, & Miller, 1990), (Moss & Older, 1996) or (Nelson, 
McEvoy, & Schreiber, 2004)); (c) phonological onset distractors (PDs, n=20) - Each 
word in this group was matched to one of the target and semantic distractor pairs, 
with the same syllable onset as the target word, for example, “goal” for “goat” 
(identified via the CLEARPOND database (Marian, Bartolotti, Chabal, & Shook, 
2012)) and was semantically unrelated to the target and its semantic distractor; (d) 
unrelated distractors (UDs, n=20) - Each word in this group was associated with a 
specific target-ND-SD triplet. Words were selected as NDs if they shared no letters 
or sounds in common with the respective targets (Salverda & Tanenhaus, 2010), 
and were semantically unrelated to either the target (in test trials) or the two 
semantic distractors (in filler trials), for example, “theme” for the triplet “goat-
sheep-goal.”  
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Table 2  
Properties of the Stimulus Materials  
 Target 
Word 
Semantic 
Distractor 
(SD) 
Phonological 
(Onset) 
Distractor (PD) 
Neutral 
Distractor 
(ND) 
Mean 
Mean frequency 
(per million words) 
19.50 17.97 29.53 22.59 22.40 
Phonological 
neighborhood 
density 
19.17 17.28 21.33 17.72 18.88 
Orthographic 
neighborhood 
density 
10.28 7.06 9.61 10.00 9.24 
Mean length in 
phonemes 
66.00 72.00 66.00 63.00 66.75 
 
As shown in Table 2 above, all four response options in each trial were 
matched for SUBTLEX lexical frequency per million (F(3,68) = 0.57, p > .63), 
phonological neighborhood density (F(3,68) = 0.36, p > .78), orthographic 
neighborhood density (F(3,68) = 1.10, p > .36), and length in phonemes (F(3,68) = 
1.33, p > .27) (Marian et al., 2012). The complete set of matched word quadruplets 
is presented in Appendix 1. 
Design. We employed a novel computer-based picture naming task adapted 
from the printed word visual world paradigm of Salverda and Tanenhaus (2010) 
to measure the speed and accuracy of picture naming and single written word 
processing. The parameters of each of 18 test trials were as follows. First, a central 
fixation point appeared on the screen for 200ms, followed by an array of four 
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written words (one in each corner) and a black and white line drawing in the center 
of the screen (see Figure 2). The words and 
drawing appeared simultaneously. During the 
five practice trials, participants were instructed 
to find and click on the written word that 
matched the picture (e.g., goat). The drawing 
and four written words remained on the screen 
until the participant clicked on one of the words 
to end the trial. The mouse was moved to the 
right or left of the computer monitor to 
accommodate hemiparesis as needed. Per Yee et al. (2008), in all (18) critical trials, 
the word positions were balanced so that each written word type was equally 
likely to appear across four fixed positions of a (virtual) grid. Additionally, trial 
order was pseudorandomized for each participant such that no two consecutive 
trials had targets sharing the same first phoneme or semantic category. 
Additionally, as in Yee et al. (2008), participants in this study needed to 
perform well above chance on five practice trials to continue with the experimental 
task. Only one PWA requested to hear the instructions and perform the practice 
items a second time, and following this demonstrated no difficulty completing the 
Figure 2: Example of a visual 
stimulus designed for experiment. 
For the target picture goat, the 
written word choices include goat 
(the target), goal (the phonological 
distractor), sheep (the semantic 
distractor), and theme (the 
unrelated distractor). 
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task. Practice trials did not include related distractors as they were meant to 
instruct participants in how to perform the task and therefore were designed to be 
easier than the actual test trials to facilitate practice task understanding and 
accuracy. Additionally, 9 distractor trials (in which two items in the array were 
semantically related to one another but neither was semantically related to the 
target) were presented to obscure the purpose of the experiment from participants 
and maintain their attention throughout the entire task. Practice and distractor 
trials were not matched on key word parameters and were omitted from analysis.  
Eye tracking recording. The eye tracking data from each participant was 
recorded using a screen-mounted infrared Tobii X3-120 eye tracking system (Tobii 
& Trackers, 2015) sampling at 120 Hz. Participants were seated with the monitor 
at eye height, at a comfortable distance (about 70 cm) from the monitor (Tobii 
Technology, 2016b). The visual stimuli were presented using the E-Prime 
Extension 2.0 for Tobii (Psychology Software Tools, 2009) software. The eye tracker 
was calibrated for each individual subject prior to start of the experiment using a 
9-point calibration procedure within Tobii Pro Studio 3.3.2 (Tobii Technology, 
2010). The task was self-paced and generally lasted no more than 15 minutes, 
including calibration of the eye tracker.  
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Data Processing 
Language Test Data. Composite scores for each PWA’s semantic processing, 
phonological processing, and general naming (semantic + phonological) abilities 
were calculated using the standardized language assessments described earlier. 
The semantic composite consisted of the average of each PWA’s scores on the 
Spoken-Word Picture Matching (subtest 47) and Written-Word Picture Matching 
(subtest 48) from the PALPA (Kay et al., 1992), and the Pyramids and Palm Trees 
Test (PPT; Howard & Patterson, 1992). The phonological composite score was 
generated from the average of each PWA’s scores on the BNT (Kaplan et al., 2001), 
the Nonword Repetition (subtest 8) of the PALPA, and WAB Naming and Word 
Fluency subscore (Kertesz, 2006). Lastly, an overall naming composite score was 
then calculated for each PWA using the average of all six of these subtest scores 
(PALPA 47, PALPA 48, PPT, BNT, PALPA 8, and WAB Naming and Word 
Fluency). 
Eye tracking data. For each trial in the eye tracking task, eye gaze movements 
to the written words were coded automatically by the Tobii Pro Studio 3.3.2 
software (Tobii Technology, 2010) as being directed to either the target, semantic 
distractor, phonological distractor, or neutral distractor. Invalid data points for 
which the eye tracker could not detect the position of both eyes (Tobii Technology, 
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2016b) were discarded from analysis using R 3.4.0 (R Developmental Core Team, 
2017). Participants’ responses on the filler trials were also excluded from analysis, 
with only the 18 test trials included in the analyses that follow. R was also used to 
generate graphical representations of participants’ eye gaze movements over the 
course of the task, with the x axis indicating time in milliseconds (ms) and the y 
axis representing the proportion of looks within the trial. 
For eye tracking analyses evaluating participants’ looks to different word 
types over time (see Statistical Analysis & Results sections 1.2-1.3), eye movements 
were quantified by assigning a binary value of 0 or 1 (indicating that the 
participant did or did not look) to each written word type. These values did not 
account for the amount of times participants looked at a given word type 
throughout the trial duration, but rather reflect the proportion of trials (out of the 
18 test trials) in which participants looked at the given word type at all. 
Throughout this manuscript, the results of these analyses are described as either 
“proportion of trials with looks to ___”, or for ease of writing, “proportion of 
looks.” This calculation was not employed in analyses comparing participants’ 
standardized language and cognitive test performance to their eye tracking 
behavior; for details on those methods, see Statistical Analysis sections 2.2-2.3 
below. 
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Statistical Analysis 
Statistical analyses were conducted via the ‘Linear Mixed-Effects Models 
using 'Eigen' and S4’ (lme4) 1.1-16 package (Bates, Maechler, Bolker, & Walker, 
2015) for R 3.4.0 (R Developmental Core Team, 2017). A series of several different 
logistic mixed-effects models were used to examine group differences (PWA vs. 
controls) in task performance over time. To account for multiple testing, we used 
the Bonferroni correction and considered significant only those results for which 
P < 0.05/3 = 0.017 (Field, 2009). 
1.1 Task Accuracy, PWA vs. Controls 
A logistic mixed-effects model testing the main effect of group was used to 
compare task accuracy between groups for the 18 test trials. This model included 
random intercepts for participants and items to account for item and subject 
variability (Baayen, Davidson, & Bates, 2008). Additionally, a random by-group 
slope was included for the random intercept of item to account for the possibility 
that item difficulty may vary between-groups. 
1.2 Time Course of Lexical Activation Over 2000ms, PWA vs. Controls 
Based on visual analysis of the plotted data, it appeared that all PWA and 
healthy controls showed a clear preference for one of the written word options (as 
indicated by an obviously increased proportion of looks to that written word, 
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without changing to a different distractor for the remainder of the trial) by 2000ms 
after stimulus onset. To examine potential differences between PWA and controls 
in their looks to various written words over the first 2000ms of a correct trial, we 
compared the two groups’ proportions of trials with looks to each of the four word 
options (SD, PD, UD, and target). Each of these values was then entered into a 
separate logistic mixed-effects model (1 per word type) to compare the groups’ 
proportions of looks to a given word over the initial 2000ms. To determine 
whether the participant group modulated the effects of time on proportion of looks 
to a particular written word option, we also included an interaction term to each 
of the four 2000ms models just described. All models included random intercepts 
for participants and items. 
1.3 Lexical Activation by 500ms Time Windows, PWA vs. Controls 
To obtain a more fine-grained look at the differences between PWA and 
controls’ eye movements over time, we then separated the initial 2000ms of a 
correct trial into four different 500ms time bins (0-500ms, 500-1000ms, 1000-
1500ms, 1500-2000ms). Four separate logistic mixed-effects models were 
conducted for participants’ looks to the four written word types, for each of the 
four 500ms time bins.  All models included random intercepts for participants and 
items.  
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2.2 Language Composite Scores as Predictors of PWA’s Eye tracking 
Performance 
For all PWA, we also analyzed the relationship between participants’ 
proportions of looks to the target word and their language composite scores (see 
Table 4) and WAB-AQ (see Table 1). In contrast to the binary method described 
earlier (in the Data Processing – Eye tracking Data section), for these composite 
score regressions we averaged each participant’s proportion of looks to the target 
over the initial 2000ms across all of the participant’s correct test trials (out of 18). 
Each participant’s three composite scores and WAB-AQ were then entered 
into separate mixed-effects linear regressions with their respective proportions of 
looks to the target word. The dependent variable for each of these analyses was 
the proportion of looks to the target over the initial 2000ms. 
Based on visual analysis of the scatterplot results, a separate mixed-effects 
linear regression was conducted to determine whether aphasia severity (as 
represented by WAB-AQ; Kertesz, 2006) predicted the group of PWA’s 
proportion of looks to the semantic distractor.  The dependent variable for this 
analysis was the proportion of looks to the semantic distractor over the initial 
2000ms. 
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2.3 Nonverbal Reasoning Scores as Predictors of Controls’ Eye tracking 
Performance 
Finally, further analysis of the controls’ performance was performed to 
evaluate the role of the non-linguistic executive function demands inherent in 
response selection (Hillis, 2007). To that end, a similar mixed-effects linear 
regression was conducted to determine whether healthy control participants’ 
scores on the Raven’s Coloured Progressive Matrices (RCPM) predicted their 
proportion of looks to the target (as defined in Statistical Analysis section 2.2 
above). RCPM score was used as an estimate of participants’ nonverbal 
reasoning ability (Kertesz, 2006), specifically the ability to choose the correct 
answer from a set of competing alternatives. The dependent variable for this 
analysis was the proportion of looks to the target word over the first 2000ms of 
the averaged trial (as reported in Methods). 
All linear regression models for PWA and controls’ language or cognitive 
composite or formal assessment scores (i.e., WAB-AQ, semantic composite, 
phonologic composite, naming composite, and RCPM Total Score) and 
proportions of looks to the target or semantic distractor included random 
intercepts for participants and items.  
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RESULTS 
The main question in this study was to examine if a novel, multi-faceted 
experimental paradigm combining eye tracking methodology with a multiple- 
choice, word recognition/picture naming task would be sensitive to the rapid time 
course of lexical activation and conflict resolution in both neurologically intact 
adults and individuals with aphasia. 
1.1 Task Accuracy, PWA vs. Controls 
The average accuracy scores attained by PWA and healthy controls on the 
18 test trials of the experimental eye tracking task were compared to determine 
whether task accuracy alone could distinguish normal and aphasic performance. 
2/10 control participants made one error each, while 5/9 PWA made a total of nine 
errors on the task. The results from a logistic mixed-effects model revealed no 
significant difference in click response accuracy between PWA and controls (b = -
2.37, SE = 1.67, z  = -1.42, p = .16) on the 18 test trials of this experimental eye 
tracking paradigm.  
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1.2 Time Course of Lexical Activation Over 2000ms, PWA vs. Controls 
 
 
 
 
 
 
 
 
 
 
As evidenced by Figure 3, PWA and healthy controls showed clear 
differences in their time course of lexical activation in the eye tracking task for 
correct trials.  
  
Figure 3. Differences between PWA and Controls in their proportion of looks to the four 
written word response options (Target, Phonological Distractor, Semantic Distractor, and 
Unrelated Distractor) and target image over time in milliseconds 
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1.2.1 Time Course of Target Activation, PWA vs. Controls 
 
 
 
 
 
 
 
 
 
 
As displayed in Figure 4 above, PWA and controls showed different 
patterns in their proportions of looks to the different word types over time. The 
results from a logistic mixed-effects model for the proportion of trials with looks 
to the target word over the initial 2000ms of an averaged group trial reveal a 
significant main effect of group (b = -1.75, SE = 0.38, z  = -4.55, p < 0.001),  a 
significant main effect of time (b = 1.54, SE = 0.12, z  = 12.87, p < 0.001),  and a 
Figure 4. Differences between PWA and Controls in their proportions of looks to the four 
written word response options (Target, Phonological Distractor, Semantic Distractor, and 
Unrelated Distractor) and target image for each of four 500 millisecond-intervals within 
the initial 2000ms of the average trial (0-500ms, 500-1000ms, 1000-1500ms, 1500-
2000ms). Error bars reflect bootstrapped 95% confidence intervals around the mean. 
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significant interaction effect of group and time (b = -0.65, SE = 0.16, z  = -4.11, p < 
0.001).  Follow up analyses within each participant group confirmed a significant 
positive main effect of time for both PWA (b = 0.90, SE = 0.11, z  = 8.41, p < 0.001), 
and controls (b = 1.52, SE = 0.12, z  = 12.67, p < 0.001), with controls showing a larger 
effect than PWA. These results indicate that while PWA and controls both looked 
significantly more at the target over time, this increase over time was larger for 
controls.  
1.2.2 Time Course of Phonological Distractor Activation, PWA vs. Controls 
The results from a separate logistic mixed-effects model for both groups’ 
proportions of looks to the phonological distractor over time reveal a significant 
main effect of time (b = -0.21, SE = 0.08, z  = -2.56, p = .0104),  and a significant 
interaction effect of group and time (b = 0.57, SE = 0.12, z  = 4.77, p < 0.001). There 
was no significant main effect of group (b = 0.06, SE = 0.19, z  = 0.32, p = .7485), 
indicating that overall PWA and controls did not significantly differ in their 
proportion of looks to the phonological distractor. However, within-subject 
contrasts to assess the significant interaction between group and time revealed 
that the two groups’ proportions of looks to the phonological distractor differed 
significantly as a function of the main effect of time. There was a significant 
positive main effect of time for PWA (b = 0.36, SE = 0.09, z  = 4.14, p < 0.001), and a 
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significant negative main effect of time for controls (b = -0.21, SE = 0.08, z  = -2.54, 
p = .011). These results reveal that PWA looked significantly more at the 
phonological distractor as the trial progressed, while controls looked 
significantly less over time.  
1.2.3 Time Course of Semantic Distractor Activation, PWA vs. Controls 
 The results from a separate logistic mixed-effects model for both groups’ 
proportions of looks to the semantic distractor over time reveal no significant 
main effect of group (b = -0.05, SE = 0.18, z  = -0.25, p = .7997) or time (b = 0.09, SE 
= 0.08, z  = 1.05, p = .2922), and only a marginally  significant interaction effect of 
group and time (b = 0.30, SE = 0.13, z  = 2.37, p = 0.0176). These results reveal that 
PWA and controls did not show significant differences in their proportion of 
looks to the semantic distractor over time. 
1.2.4 Time Course of Unrelated Distractor Activation, PWA vs. Controls 
Finally, results from the last mixed-effects model for the proportion of looks 
to the unrelated distractor over time reveal a significant positive interaction of 
group and time (b = 0.50, SE = 0.12, z  = 3.98, p < 0.001). No significant main effects 
of group (b = -0.20, SE = 0.18, z  = -1.13, p = .2603) or time (b = -0.15, SE = 0.08, z  = -
1.84, p = .0652) were found. Follow up analyses within-groups revealed a 
significant positive main effect of time for PWA (b = 0.35, SE = 0.09, z  = 3.73, p < 
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0.001), with no significant main effect for controls. These results reveal that PWA 
looked significantly more at the unrelated distractor over time, while the controls 
did not. 
1.3 Lexical Activation by 500ms Time Windows, PWA vs. Controls 
As displayed in Figure 4, PWA and controls showed clearly different 
patterns of lexical activation and competition very early in the process of word 
retrieval, and continued to diverge through 2000ms after stimulus presentation. 
Table 3 below displays percentages for the proportion of trials in which PWA and 
controls looked to each written word type at each 500ms interval between 0-
2000ms. The total proportion of looks for each time bin was not expected to reach 
100% due to the data filtering process, which removed invalid datapoints and 
those which did not fall in one of the five key areas of interest. 
Table 3 
Proportion of Trials with Looks to Written Target and Distractors Over Four Time Bins 
Group Time Bin in 
500ms 
Intervals 
Proportion 
of Trials 
with Looks 
to Target 
Proportion of 
Trials with 
Looks to 
Phonological 
Distractor 
Proportion of 
Trials with 
Looks to 
Semantic 
Distractor 
Proportion of 
Trials with 
Looks to 
Unrelated 
Distractor 
Controls 0-500ms 16% 22% 8% 16% 
500-1000ms 45% 42% 37% 41% 
1000-1500ms 76% 28% 30% 32% 
1500-2000ms 87% 14% 15% 10% 
PWA 0-500ms 9% 13% 9% 11% 
500-1000ms 24% 32% 23% 25% 
1000-1500ms 34% 38% 31% 25% 
1500-2000ms 52% 33% 27% 29% 
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A logistic mixed-effects model was performed to compare PWA and 
controls’ proportions of looks to the four word types specifically during the first 
time window of 0-500ms. Results reveal no significant between-groups differences 
for any written word option during this very early stage of processing (target [b = 
-0.83, SE = 0.45, z  = -1.83, p = .0669]; PD [b = -0.85, SE = 0.50, z  = -1.69, p = .091815]; 
SD [b = 0.01, SE = 0.53, z  = 0.03, p = .978]; UD [b = -0.80, SE = 0.53, z  = -1.50, p = 
.13344]). This is not surprising given that for neurotypical adults, 200ms is 
generally assumed to reflect the time necessary for programming and initiating an 
eye movement (Hallett, 1986). However, several significant differences begin to 
arise in the period between 500-1000ms. In this brief time window, PWA showed 
a significantly decreased proportion of looks to the target (b = -1.35, SE = 0.36, z  = 
-3.79, p < 0.001), semantic distractor (b = -0.74, SE = 0.26, z  = -2.82, p = .00487), and 
unrelated distractor (b = -1.03, SE = 0.34, z  = -3.05, p = .00227) relative to controls. 
Moving forward to the 1000ms-1500ms time period, the PWA no longer showed a 
significantly reduced proportion of looks to the semantic distractor (b = 0.03, SE = 
0.25, z  = 0.10, p = .919) or unrelated distractor (b = -0.32, SE = 0.27, z  = -1.18, p = .24) 
relative to controls. However at this same time bin (1000-1500ms), PWA continued 
to show a significantly decreased proportion of looks to the target compared to 
controls (b = -2.27, SE = 0.47, z  = -4.84, p < 0.001). 
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Finally, in the next time span of 1500-2000ms when the PWA have joined 
the controls in looking preferentially to the target word, PWA’s pattern of eye 
movements to the different written word options are nevertheless significantly 
different from that of the controls. Despite their preference for the target at 1500-
2000ms, PWA continue to show significantly a reduced proportion of looks to the 
target compared to controls (b = -2.03, SE = 0.48, z  = -4.26, p < 0.001). In contrast, 
PWA show a significantly greater proportion of looks to the unrelated distractor 
(b = 1.28, SE = 0.32, z  = 3.94, p < 0.001) than controls in the 1500-2000ms time 
window. No significant difference was found between PWA and controls in their 
proportion of looks to the semantic distractor (b = 0.85, SE = 0.38, z  = 2.22, p = 
.0266). 
Interestingly, the 1500-2000ms period marks the first and only time that 
PWA and controls differed significantly in their proportion of looks to the 
phonological distractor (b = 1.17, SE = 0.29, z  = 3.98, p < 0.001), with PWA 
showing an increased proportion relative to controls. The two groups did not 
show a significant difference in their proportion of looks to the phonological 
distractor in the 0-500ms (b = -0.85, SE = 0.50, z  = -1.69, p = .091815), 500-1000ms 
(b = -0.63, SE = 0.42, z  = -1.52, p = .129), or 1000-1500ms time windows (b = 0.46, 
SE = 0.25, z  = 1.89, p = .059). 
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2.1. Language Composite Scores for PWA 
 Three composite scores were calculated for each participant with aphasia 
to capture each subject’s current level of functioning in terms of semantic and 
phonological processing and naming. As shown in Table 4 below, PWA varied 
were generally consistent in their semantic composite scores (M = 42.15, SD = 
1.24, Range = 3.67), but varied widely in their phonological composite scores (M 
= 54.72, SD = 21.02, Range = 75.5) and naming composites (M = 47.52, SD = 9.01, 
Range = 32.4)  
Table 4 
Language Composite Scores for Participants with Aphasia 
ID Semantic 
Composite 
Phonological 
Composite 
Naming 
Composite 
BUMA08 41.67 40.00 41.00 
BUMA20 43.67 71.00 54.60 
BUMA69 42.67 68.00 52.80 
BUMA79 43.67 82.50 59.20 
BUMA106 40.00 7.00 26.80 
BUMA197 42.33 59.00 50.67 
BUMA199 43.00 55.33 49.17 
BUMA204 42.00 43.67 42.83 
BUMA207 40.33 66.00 50.60 
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2.2. Language Composite Scores as Predictors of PWA’s Eye tracking 
Performance 
 
Results from each of the mixed-effects linear regressions did not reveal a 
significant relationship between PWA’s proportions of looks to the target and 
Figure 5. Scatterplots of three composite scores (Semantic, Phonological, Naming) and 
WAB-AQ for each PWA’s proportions of trials with looks to the four written word response 
options (Target, Phonological Distractor, Semantic Distractor, and Unrelated Distractor) 
and target image. Each data point represents one of the three composite scores (Table 4) or 
WAB-AQ (Table 1) for a single PWA 
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any of their three composite scores or WAB-AQ. Analysis showed that PWA’s 
semantic composite scores (t = 1.08), phonological composite scores (t = 1.66), 
naming composite scores (t = 1.69), and WAB-AQs (t = 1.32) did not significantly 
predict their proportion of looks to the target. Random slopes were included for 
all linear regressions of participants’ composite scores and eye movement 
proportions, with the exception of the regression for PWA’s semantic composite 
scores and proportion of looks to the target since the model failed to converge. 
PWA’s WAB-AQs also did not predict their proportion of looks to the semantic 
distractor (t = 0.54). These results indicate that for this very limited sample of 
PWA, their eye tracking behavior on this novel silent picture naming task did not 
predict their semantic and phonological processing or spoken picture naming 
performance on formal language assessment measures.   
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2.3 Nonverbal Reasoning Scores as Predictors of Controls’ Eye tracking 
Performance 
 
 
Results from a mixed-effects linear regression showed that healthy adults’ 
total score on the Raven’s Coloured Progressive Matrices did not significantly 
predict their proportions of looks to the target (t = -0.99). These results indicate 
that healthy controls’ performance on a nonverbal reasoning task requiring them 
Figure 6. Scatterplot for healthy controls’ scores on the Raven’s Coloured Progressive 
Matrices (RCPM) and their proportions of trials with looks to the target word. Each 
data point represents one participant’s score on the RCPM 
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to inhibit incorrect response options did not predict their proportion of eye 
movements to the target in the presence of other related alternatives. As is the 
case for the composite score analyses for PWA above, our capacity to interpret 
healthy control data is limited given the small sample size. 
3.1 Error Analysis for Boston Naming Test and Eye tracking Task 
Across both PWA and healthy controls, when participants made errors on 
the eye tracking task, they generally selected the semantic distractor instead of 
the target. 2/2 control errors were semantic while 4/5 PWA who made an error on 
the task did so because they selected the semantic distractor (e.g., frog for toad). 
Meanwhile, 2/5 PWA who made errors did so by selecting the phonological 
distractor. This mixed pattern of errors types in the PWA is in line with their 
performance on the BNT. Within the 90 errors total produced across all PWA on 
the BNT (coding the participant’s final answer), 23.33% errors were 
phonologically based nonwords, while a total of 25.55% of errors reflected 
incomplete access to lexical or semantic information about the target: 11.11% of 
errors were semantically related words (e.g., hammer for saw) while 14.44% were 
circumlocutions. For the purposes of this study, mixed errors that were both 
semantically and phonologically related to the target comprised another 8.89% of 
participants’ incorrect responses, and phonologically based real word errors that 
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were not related semantically to the target made up 4.44% of PWA’s errors. Of 
note, when participants made an error on the eye tracking task, the final word 
they looked at was the distractor they eventually clicked on to respond. Click 
responses on incorrect trials therefore likely reflected incorrect word selection 
rather than random error. 
DISCUSSION 
Key Findings  
The aim of this study was to evaluate the efficacy of a novel eye tracking 
single picture-naming task for detecting semantic and phonological activation 
during lexical retrieval. Data from an experiment comparing PWA and healthy 
controls’ performance on the task were used to investigate this novel task’s ability 
to capture differences between intact and impaired performance during the rapid 
time course of lexical retrieval. Overall, the main findings of this study reveal that: 
a) both PWA and healthy controls can complete the task successfully; b) PWA and 
controls showed no significant differences in task accuracy; yet b) PWA and 
controls showed significant between-groups differences in their time course of 
lexical activation as assessed by eye gaze movements. The results are discussed 
below in greater detail. 
 Although the core deficit of aphasia is a difficulty with word-finding, prior 
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research of lexical access has more closely mimicked spoken word recognition 
rather than the speech production process of retrieving the semantic concept and 
phonological form of a specific word. Meanwhile, existing research of lexical 
activation in aphasia has examined the influence of one related distractor at a time 
on retrieval success, despite the variety of error types (e.g., semantic, 
circumlocution, phonemic, neologism, etc.) an individual with aphasia might 
produce when unable to retrieve a target word. The novel eye tracking task 
examined here employed multiple simultaneous distractors and written word 
stimuli to better mimic the experience of picture naming. That participants with 
aphasia successfully performed this task, and that the time course of their eye 
movements differed significantly from that of control subjects, indicates that the 
task can effectively distinguish between intact and disordered word retrieval 
performance, therefore confirming hypothesis 1.  
As the majority of our participants with aphasia had what would be 
described as a mild naming deficit, it is not surprising that no significant difference 
was found between PWA and healthy controls on eye tracking task accuracy. 
However, in-depth analysis comparing their eye tracking behavior on correct trials 
in this task revealed distinct patterns in their time course of lexical activation. 
Specifically, the data suggest that the groups begin to diverge as early as 500ms 
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after viewing an image and four written response options. While at this point 
healthy controls appeared to consider all options by looking at the four written 
words with a relatively even proportion, the PWA did not achieve a similar pattern 
until 1500ms after the image was presented. Moreover, PWA were significantly 
slower than controls to look preferentially at the target over the distractors, and 
never reached the same proportion of looks to the target as controls did by the 
2000ms mark. This finding is consistent with the results of Yee and colleagues 
(2008), who found that both of their aphasic groups were slower to look 
preferentially to the target than healthy controls. Taken together, these results 
highlight participants’ relatively preserved access to semantic and phonological 
information related to the target for correct trials despite slowed lexical retrieval.  
Interestingly, the two groups’ proportions of looks to the phonological 
distractor did not differ significantly until 1500ms into the trial. Together with the 
paucity of phonological errors made by both groups, this finding suggests that the 
phonological distractor was not a strong contender for either group when deciding 
on the correct response. 
Altogether, these results seem to support the temporal course of lexical 
activation hypothesis, which links impaired naming in aphasia to slower activation 
of lexical information (Prather et al., 1997; Prather et al., 1992; Swinney et al., 1989; 
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Swinney et al., 2000). Although this account was originally developed to explain 
delayed activation in Broca’s aphasia (arguing that impaired naming in 
Wernicke’s aphasia is instead due to reduced inhibition of competitors), it aptly 
describes PWA’s slowed activation for all response options (including the target) 
in the present study, which included primarily anomic aphasics and two 
individuals with Broca’s aphasia. 
Once analysis revealed that our task was effective for detecting differences 
in lexical activation between PWA and controls, further examination probed 
whether PWA’s standardized language test results could predict their behavior 
on the eye tracking task. Although we did not find significant relationships 
between PWA’s performance on the eye tracking task and their relative semantic 
and phonological processing and naming abilities (as assessed via composite 
scores described in the Data Processing - Language Test Data section), this is not 
unexpected given the homogeneity of our sample of PWA. 
Despite the limited variability of our aphasic sample, the group of PWA as 
a whole did differ significantly from controls in their proportion and timing of eye 
gaze movements, indicating that the task is sensitive to not only the mildest of 
naming deficits, but also readily completed by individuals with more severe 
aphasia. In fact, this study suggests that nonverbal naming tasks may even be 
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better suited for evaluating lexical access in individuals with severe aphasia; 
BUMA106’s score of score of 13/18 on our novel eye tracking task suggests greater 
preservation of lexical information than his BNT score of 1/60.  
Therefore, given the several significant between-group differences in eye 
tracking behavior for this novel experimental paradigm, the benefits of recruiting 
a limited sample of aphasia severities appears to have outweighed the costs at 
this early stage of task development. Future research with a broader and larger 
study sample including a wider variety of aphasia severities may yet reveal a 
stronger relationship between formal language assessment measures and the 
novel task described here. Moreover, future significant results from a wider pool 
of PWA would be a powerful indicator that our experimental research task has 
clinical applicability in determining the strengths and learning styles of new 
clients with aphasia seeking treatment.   
Meanwhile, the lack of a significant relationship between controls’ 
nonverbal reasoning skills (as assessed via RCPM score (WAB-R; Kertesz, 2006)) 
and their proportion of looking time to the target word would appear to suggest 
that the executive functioning skill of inhibiting inappropriate information is not 
an important aspect of our eye tracking task. However, the susceptibility of RCPM 
scores to demographic factors such as age, sex, and education (Measso, et al., 1993) 
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may make it an inappropriate measure for assessing this cognitive construct. 
Alternately, as in the group of PWA, the controls’ small sample size may have also 
limited our ability to draw statistically meaningful conclusions from their results. 
Limitations 
One of the obvious limitations of this and all aphasia research is the small 
sample size of participants and trials. Ongoing recruitment for this study will 
reveal the true impact of sample size on the present results. Despite this, our study 
sample nevertheless included more PWA than existing research which has studied 
impaired naming through the visual world paradigm.  
Beyond the advantages of a larger sample size, the present study would 
likely also benefit from including a more thorough assessment of both PWA and 
controls’ cognitive functioning. While no significant relationship was found 
between controls’ RCPM Total Score and their proportion of looks to the target 
word, RCPM may not have been sensitive or specialized enough to detect 
differences in the myriad of attentional and executive functioning processes 
involved in a neurotypical adult’s response selection. Meanwhile, obtaining 
similar measures for the PWA may reveal important predictive factors of their 
performance on such an attentionally demanding task. 
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Future Directions 
The novel eye tracking program described here has been shown to 
effectively detect fine-grained temporal differences in lexical retrieval between 
healthy adults and individuals with mild aphasia. Future research would do well 
to examine more diverse profiles of language deficits, given the high degree of 
variability in aphasia symptoms and severity. Additionally, a more varied PWA 
sample would also provide the opportunity to compare different aphasia 
subtypes directly, and thus test competing theories of lexical activation that are 
driven by intergroup differences.   
Additional future analyses of the present dataset can provide further 
insight into PWA and controls’ response selection, for instance by examining 
participants’ eye movements in the final 500ms before their click response. New 
data collection to obtain measures of participants’ alternating attention, executive 
function, and visual scanning, may also be informative. Work is already ongoing 
to enroll new participants in order to further explore the effect of variability in 
aphasia profile and severity on task performance. For example, it may prove 
informative to compare the eye tracking performance between the participants 
with aphasia who have the highest and lowest severity scores based on their 
WAB-AQ. 
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Looking further ahead, the long-term goal of this project is to provide 
researchers and clinicians alike with a sensitive tool for gaining more detailed 
information about the correct/incorrect responses of PWA on traditional picture 
naming tasks. Future research may also examine whether the results of this novel 
eye tracking paradigm can be used to predict individuals’ success with particular 
phonologically or semantically-based intervention methods. 
CONCLUSION 
 The achievement of significant differences in eye gaze movements to 
related vs. unrelated distractors in both healthy adults and individuals with 
aphasia confirms the efficacy of our protocol as a tool for assessing the time 
course and resolution of competition in both impaired and intact lexical retrieval. 
Analysis of between-groups differences in eye movements over time during a 
novel silent picture naming task reveal that PWA showed slowed lexical 
activation relative to controls. Finally, this study highlights not only the complex 
nature of lexical activation and the wealth of information to be obtained from 
impaired word retrieval, but also the (silent) preservation of function that may be 
present in many individuals with aphasia.   
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APPENDIX 
1. Matched Word Quadruplets for Eye tracking Test Trials  
List of the 18 Target, Phonological Distractor, Semantic Distractor, and 
Unrelated Distractor Quadruplets 
Target Phonological 
Distractor 
Semantic 
Distractor 
Unrelated 
Distractor 
beard beer mustache snow 
belt belly leather gym 
boot boom shoe cage 
bread breath butter post 
bride bribe groom task 
clown cloud circus degree 
crown crowd prince issue 
frog frock toad stain 
glass glance cup hook 
goat goal sheep checks 
lion line tiger star 
rake rays hoe wits 
rope rope string lack 
scale skill measure fog 
sock sod stocking puff 
spoon spook fork tribe 
tree treat leaves shop 
vest vent sweater arrow 
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